Abstract-This paper firstly reports on the high-frequency SPICE model of the ACF flip-chip interconnections up to 13 GHz. The extraction process is based on an optimization procedure, called a genetic algorithm, which is known as a robust optimization tool. The proposed equivalent circuit model of the ACF interconnection can readily be used in SPICE circuit simulations for signal integrity analysis of high-frequency packages. Two different ACF interconnections were studied using the Au-coated polymer ball and Ni-filled ball. The extracted models of the two ACFs were found strongly dependent on not only size and rigidity of the conducting balls, but also on their magnetic permeability.
I
NTERCONNECTION characteristics of the flip-chip bonding depend on the properties of the materials (metallic bump and conductive adhesive) and the structural dimensions. Although ACF flip-chip interconnection can be useful for highfrequency applications, such as high-performance digital IC packages and microwave device packages, no reliable modeling has been reported that would allow its high-frequency response to be evaluated by SPICE. Only dc models, microwave characteristic, and microwave impedance models have been used [1] , [2] . However, to be able to predict the performance and reliability of the ACF flip-chip interconnection for high-speed digital and microwave devices, an accurate high-frequency SPICE model is needed. This paper reports on a high-frequency SPICE model of the ACF flip-chip interconnection, useful for up to 13 GHz, and based on an optimization procedure using a genetic algorithm. By using the extracted the SPICE model, the package and the modules can be correctly designed. Circuit simulators, e.g., HSPICE, require the equivalent circuit models with a lumped circuit parameter [3] . Two types of ACF flip-chip interconnections were tested, including Au-coated polymer ball ACF and Ni-filled ACF, as shown in Fig. 1 . Test samples were prepared for the two ACF bondings and the extracted models of the two ACFs were found to be strongly dependent not only on the size and rigidity of the conducting balls, but also their magnetic permeability. The calculated impedance using the extracted SPICE model was found to give good agreement with the measured impedance up to resonant frequency.
II. TEST DEVICE AND DE-EMBEDDED IMPEDANCE
The ACF flip-chip interconnection is sandwiched between the Ni/Au bump and the Au-finished pad on the printed circuit board (PCB) as shown in Fig. 1(a) and (b). Electroless Ni/Au plating was used for the bump formation. For the extraction of the ACF flip-chip interconnect model, a silicon chip containing embedded microstrip lines with inverted structure was fabricated using a 1-poly, 3-metal, and 0.6-m silicon process. The embedded microstrip structures were adopted to minimize parasitics and loss due to the nonideal grounding of the conventional metal-insulator-semiconductor microstrip structure [4] . In other words, the microwave characteristics of the embedded microstrip with inverted structure are not varied before and after assembly. The proposed procedure of the de-embedded impedance parameters of the ACF interconnects for the ACFs has already been introduced [2] . The de-embedded impedance parameters of the ACF interconnections with a 100 m 100 m interconnect pad are presented in Figs. 3 and 4. Interconnect capacitances of the ACFs are formed between the CPW and the silicon chip pad with ACF of the epoxy resin ( ) as the dielectric material of the capacitance.
III. HIGH-FREQUENCY SPICE MODEL
For the extraction of the microwave-frequency equivalent circuit parameters from the de-embedded impedance parameters of the ACFs (Fig. 2) , including an Au-coated polymer ball ACF and Ni-filled ACF, a genetic algorithm is applied, which is known as a robust optimization technique [3] . This yields excellent results for the two types of ACF flip-chip interconnections that include an Au-coated polymer ball ACF, as shown in Fig. 3(a) and (b) , and the Ni-filled ACF, as shown in Fig. 4 is the resistance of the Au/Ni bump. and are the contact resistances and the inductances of the Au-coated Ni polymer ball and the Ni-filled ball, respectively. is total capacitance between the pads filled with epoxy resin.
The cross-sectional structures of the ACF contacts are shown in Fig. 1(a) and (b) . The slight difference of model parameters is mainly caused by the difference of the structures and the characteristics of the materials. Because of its hardness, the Ni ball does not change its original shape a great deal during the process, so the distance between the bump and the pad is longer than that of the Au-coated polymer ball. Consequently, the Ni-coated ball interconnection exhibits larger inductance and smaller capacitance compared to the Au-coated polymer ball interconnection. Moreover, because Ni has large magnetic permeability ( ), the inductance of the Ni-filled ball is even larger. In addition, due to the higher resistive characteristic of Ni and the increased height of the Ni ball, the resistance of the ACF flip-chip interconnection using the Ni-filled ball is larger than that of the Au-coated polymer ball, but both of them are less than 60 m . The reactance is less than 10 in both cases. Both the ACF interconnections using the Ni-filled ball and the Au-coated ball exhibit resonance phenomena at round 13 GHz. The resonance phenomena occur at slightly different frequencies due to difference of inductance and capacitance of the ACF bonding structure, with a difference of about 200 MHz due to the larger inductance of the interconnection with the Ni-filled ball. The peak value of resistance and reactance of the Ni-filled ball interconnection at the resonance frequency is lower than in the other case, which means the reduced factors of the resonating structure by the lower conductivity of the Ni-filled balls. To make the ACF flip-chip interconnection effective at a higher frequency bandwidth, lower loss and lower dielectric constant of the dielectric resin and lower magnetic permeability and higher conductivity of the conductive ball are needed.
IV. CONCLUSION
We have successfully induced the high-frequency SPICE models of the flip-chip interconnects, including Au-coated polymer ball ACF and Ni-filled ACF. The extracted equivalent circuits can be inserted into SPICE simulations for performance evaluations of the package of high-speed digital and microwave devices. For the extraction of the equivalent circuit parameters, the -parameter measurement, the network analysis and the genetic algorithm were utilized. The ACF flip-chip interconnection using the Au-coated polymer ball was found to have 0.017-nH inductance and 0.016-resistance by the conducting particles for 100 m 100 m pad size. It has 8.2-pF pad capacitance and 0.91-bump resistance. On the other hand, the Ni-filled ACF has 0.027-nH inductance and 0.057-resistance by the conducting particles and has 5.3-pF pad capacitance and 1.01-bump resistance. 
